Abstract In a set of streamside mesocosms, stream ecosystem respiration (ER) increased with biofilm biomass and flow heterogeneity (turbulence) generated by impermeable bed forms, even though those bed forms had no hyporheic exchange. Two streamside flumes with gravel beds (single layer of gravel) were operated in parallel. The first flume had no bed forms, and the second flume had 10 cm high dune-shaped bed forms with a wavelength of 1.0 m. Ecosystem respiration was measured via resazurin reduction to resorufin in each flume at three different biomass stages during biofilm growth. Results support the hypothesis that ER increases with flow heterogeneity generated by bed forms across all biofilm biomass stages. For the same biofilm biomass, ER was up to 1.9 times larger for a flume with 10 cm high impermeable bed forms than for a flume without the bed forms. Further, the amount of increase in ER associated with impermeable bed forms was itself increased as biofilms grew. Regardless of bed forms, biofilms increased transient storage by a factor of approximately 4.
Introduction
Stream ecosystem respiration (ER) is one of the most important processes in streams, influencing most chemical conditions (e.g., dissolved oxygen, pH, and dissolved organic carbon) and most other reactions (e.g., denitrification) in streams. ER is an important indicator of stream ecosystem function and structure [Bernot et al., 2010] , and ER is significantly correlated to nutrient uptake in many systems [Mulholland et al., 2009; Hoellein et al., 2007] . In addition to its local importance, ER accounts for a major, though poorly constrained fraction of global terrestrial net CO 2 release to the atmosphere Cole et al., 2007; Tranvik et al., 2009] . While many of the first-order relationships have been identified, ER is not yet sufficiently well understood to allow local measurements to be upscaled to regional, letalone global, estimates of either carbon or nutrient cycling.
Most stream ER occurs in biofilms in stream beds [Fuss and Smock, 1996; Naegeli and Uehlinger, 1997] where the microbial assemblages are protected from wash out . We also know that ER is controlled by temperature [Sinsabaugh, 1997; Acuña et al., 2004; Demars et al., 2011; Perkins et al., 2012] and that the change in respiration with temperature is well described by the Arrhenius equation . We know that ER is controlled by the standing crop of biomass [Jones et al., 1995; Cardinale et al., 2002; Acuña et al., 2004] , sometimes made more labile by disturbance [Jones et al., 1995; O'Connor et al., 2012] . Nutrients influence ER because they may increase autotrophic and heterotrophic metabolism [Mulholland et al., 2001; Hoellein et al., 2007; Bernot et al., 2010] . Hydrodynamics at the water-sediment interface influence respiration [e.g., O'Connor and Hondzo, 2008; O'Connor et al., 2009; Inoue and Nakamura, 2011] because hydrodynamics control the transport of oxygen, nutrients, and waste products to and from the respiration sites. The amount and rate of transient storage may influence ER [Jones et al., 1995; Mulholland et al., 1997; Fellows et al., 2001; Ingendahl et al., 2009; Bernot et al., 2010] , but this relationship seems less general and work remains to understand it. deliver more substrate and more oxygen, and carry away waste products. If biofilms are not disrupted, the transport may increase microbial activity and, ultimately, ER in streams. Cardinale et al. [2002] showed that ER increased with physical heterogeneity of the streambed and hypothesized that this was due to increased turbulence intensity caused by the heterogeneity. Singer et al. [2010] further showed that DOC uptake in biofilms increased with flow heterogeneity (measured as standard deviation over space of the magnitude of water velocity) and turbulence intensity, which could lead to increased biofilm respiration rates. The causal link in the relationship between increased flow heterogeneity and increased ER is not yet understood. In particular, we do not yet know if increased ER is a purely physical response, or if there is a biological response to flow heterogeneity that is also involved. Furthermore, ER is challenging to measure accurately in most streams because reaeration dominates the oxygen budget. Therefore, more data are needed relating ER to flow heterogeneity.
In this study, we tested the hypothesis that ER increases with flow heterogeneity caused by boundary roughness, and that this increase holds across a range of biofilm conditions. We wanted to separate effects at the interface between the stream and bed from the effects of hyporheic exchange within the bed, both of which are associated with ER. The test was done with the smart tracer, resazurin. Resazurin (Raz) is a metabolically active compound that reacts irreversibly to resorufin (Rru) [Haggerty et al., 2008 [Haggerty et al., , 2009 Argerich et al., 2011] . The rate of the Raz-to-Rru reaction provides a measure of net aerobic respiration [González-Pinzón et al., 2012] . Since Raz does not exist in streams, and is not subject to reaeration, changes in ER due to processes such as turbulence can be measured more accurately.
Methods

Flumes
The study lasted 45 days and was conducted in two streamside flumes (40.0 m length and 0.40 m width). These are the same flumes as used by Bottacin-Busolin et al. [2009] and Singer et al. [2010] . One flume had a completely flat bed (hereafter "planform"), and the second flume contained 38 triangular dune-shaped bed forms of 10 cm height and 1 m wavelength (hereafter "bed form"). These impermeable flume beds were covered with a single layer of clean, manually scrubbed gravel (median diameter = 9.2 mm, all diameters <40 mm) excavated from the nearby stream as substrate for biofilm growth. The bed form flume had 2.3% more gravel than the planform flume because the bed forms generated 2 -3% more surface area. Flumes received identical raw stream water [Oberer Seebach, Austria; see Battin, 1999 and references therein for biogeochemical description] with a discharge of 2.25 L s À1 that was held steady by directing the supply water through a header tank fitted with an overflow. Flows were checked daily. Tilting weirs at the flume ends generated flow that was spatially uniform at scales larger than the bed form wavelength. The mean velocities in the flumes were made similar by adjusting flume slope in conjunction with measurements of mean velocity by slug additions of NaCl solution [Gordon et al., 2004; Stream Solute Workshop (SSW), 1990] . Slopes were 0.01% for the planform flume and 0.3% for the bed form flume. Except during times of experimental tracer additions, the flumes were fed in a once-through mode to provide identical microbial inocula and aqueous chemical conditions. During experiments, water was recirculated individually through both flumes with discharge equal to the once-through mode.
Periodically measured outflow concentrations of NO 3 À + NO 2 À averaged 1119 ± 20 μgN L À1 (mean ± standard error), NH 4 + averaged 6.14 ± 0.95 μgN L
À1
, and PO 4 2+ averaged 1.77 ± 0.44 μgN L
. Water temperature averaged 8.7 ± 0.4°C.
Ecosystem respiration and turbulence were measured under three different biofilm development conditions: after 0, 11, and 30 days of growth (minimum, medium, and maximum biofilm growth, respectively). At 0 days, the gravel was scrubbed manually until visually clean. However, a small amount of biofilm would have been present.
Flow Heterogeneity and Turbulence
We described flow heterogeneity and turbulence using 3-D velocity data collected with an acoustic Doppler velocimeter (ADV; Vectrino® Nortek, 4-beam side-looking probe, 50 Hz for 1 min, time series of n = 3000). In each flume, velocity was mapped over one bed form wavelength: (i) vertically along the thalweg in the xz plane and (ii) horizontally above the sediment surface (~5 mm above the tops of the grains). The detailed Journal of Geophysical Research: Biogeosciences 10.1002/2013JG002498 vertical profiles (1 and 5 cm vertical and horitzontal spacing, respectively) were only used for graphical representation of the flow fields (Figure 1 ). The horizontal measurements resulted in a 5 × 5 cm grid evenly covering an entire bed form with 80 nodes, for which we calculated (i) the mean of the three-dimensional velocity vector R xyz (as a temporal mean from the time series with n = 3000, hereafter "mean velocity"), (ii) turbulent kinetic energy per unit volume (TKE), and (iii) turbulence intensity TI. R xyz , TKE, and TI are computed according to Bradshaw [1971] and Gordon et al. [2004] :
where u i , v i , and w i are the three orthogonal velocity components of ADV data point i,
where u′, v′, and w′ are the mean deviations from the associated mean orthogonal velocity components, ρ is the density of water, and
where tSD Rxyz is the temporal standard deviation of the 3-D velocity time series (n = 3000 measurements) at each of the 80 locations. TI is a measure of turbulence standardized for mean velocity, while TKE includes the kinetic energy of mean velocity and turbulence; both describe the fluctuating hydrodynamic environment experienced by the benthic biota. Shear velocity u* was computed from TKE as: 
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where TKE⁄ρ is turbulent kinetic energy per unit mass [Dade et al., 2001] . Due to the wake flow developed downstream of bed forms, shear could not be estimated from vertical profiles of velocity. Last, we computed SD Rxyz , the standard deviation of the mean velocity R xyz over the 80 locations, which is a measure of flow heterogeneity at the flume scale. In contrast to tSD Rxyz , SD Rxyz describes the spatial variation of flow velocity and is computed from temporal means. The depth-based Reynolds number and Froude number were calculated according to the standard equations [e.g., Gordon et al., 2004] . All raw velocity data were automatically processed and subjected to a filtering procedure using a batch-processing code set up in the statistical language R version 2.7.1 [R-Development-Core-Team, 2010]. Filtering removed outliers which were due to low particle concentration in the stream water causing an unreliable ADV-signal. Outliers were identified from the first time derivative of each velocity component as large changes in velocity within short times. Outliers were removed if the first derivative was more than five standard deviations from its mean. To avoid the standard deviation itself being influenced by outliers, the standard deviation was estimated from the range between the 16 and 84 percentiles divided by two, which is the standard deviation of a normal distribution. Outliers were excluded rather than interpolated. The number of excluded outliers was 0.004 +/À 0.007% (mean ± SD) of all values in each data set, and it was always <0.1% of values. For the purpose of display in Figure 1 , continuous distributions of velocity and derived variables were computed by Kriging using the software Surfer v.8.0 (Golden Software Inc., Colorado, USA) and a 2 mm interpolation grid.
Measurement of Ecosystem Respiration and Biofilm Biomass
We performed three coinjections of a conservative tracer (NaCl) and Raz in order to estimate transport parameters (velocity, dispersion, and exchange parameters) and respiration rates under the three different biofilm development conditions (days 0, 11, and 30). The three tracer additions were completed between 17 July and 18 August 2008. A 21.6 L solution containing 3.0 kg NaCl as a conservative tracer and 8.503 g Raz was released into the flumes at a rate of 0.817 ± 0.024 mL s À1 for 40 min while the flumes were run in once-through mode (no recirculation). After reaching plateau conditions (steady state concentration of solute at the downstream end of the flume), we turned the solute addition off, switched the flumes to recirculation flow, and allowed 3 to 5 h of reaction time between the Raz/Rru tracer system and biofilm.
Conductivity was recorded automatically every 10 s at the end of the flume using a WTW 340i portable conductivity meter (Weilheim, Germany) connected to a CR800 Campbell Scientific data logger (Logan, Utah, USA).
We sampled water for Raz and Rru at the end of the flumes every 30 min. Additionally, we monitored photoreactivity with 174.8 μg L À1 Raz and 22 μg L À1 Rru standards. One standard set was placed in the dark, and another set was placed in ambient light next to the flumes. Standard samples were collected every 2 h until the end of each experiment. All samples were immediately filtered through Whatman (Kent, UK) GF/F glass fiber filters (0.7 μm pore size), placed in acid-washed glass scintillation vials and stored on ice in the dark until laboratory analysis within 12 h.
At the laboratory, samples were buffered to pH 8 [Haggerty et al., 2008] before measurement of fluorescence of Raz and Rru on a Hitachi F-7000 spectrofluorometer (Hitachi High Technologies America, USA). Excitation and emission wavelengths for Raz were 602 and 630 nm, respectively, and for Rru were 570 and 583 nm, respectively.
In order to track biofilm biomass changes over time, glass slides were placed in the flumes at the beginning of the experiments. Slides were placed on the gravel surface at 9, 19, and 32 m from the top of the flume in the planform flume and at the top and the bottom of the crests in the bed form flume. Slides were collected after 11 and 30 days (n = 3 slides per day of collection in the planform flume; n = 3 slides at the crest +3 slides at the bottom per day of collection at the bed form flume). Biofilm on slides was scraped into a known water volume and filtered through Whatman (Kent, United Kingdom) GF/F glass fiber filters (0.7 μm pore size). Filters were oven-dried at 60°C for 24 h, weighed on a Sartorius MC1 analytical balance (Göttingen, Germany), and combusted at 500°C for 5 h to estimate ash-free dry mass (AFDM).
Model to Estimate Raz-Rru Transformation Rates
For reactive solutes such as Raz and Rru, the following equations describe transport and transformation for the flumes [simplified from Argerich et al., 2011] . Equations (5)- (6) [Bencala and Walters, 1983] if the reaction rates for Raz and Rru are set to zero and retardation factors are set to one. ). Here, the decay rate coefficients k 1 and k 2 can be thought of as loss to unquantified process. The equations assume that (a) all reaction happens within biofilms, which we model as a transient storage zone with an exponential residence time distribution [Battin et al., 2003; Bottacin-Busolin et al., 2009] and (b) sorption happens only within the transient storage zone, although results will be insensitive to any assumptions about sorption. Initial conditions were zero concentrations of Raz, Rru, and NaCl. The upstream boundary was constant injection for 40 min. During the throughflow, the downstream boundary was placed at infinity, and concentrations were modeled at x = L = 40.0 m.
The full equations were solved with a version of STAMMT-L [Haggerty and Reeves, 2002] for the first 40 min of transport with NaCl, which was the period of the experiments when the flumes were run in once-through mode. The NaCl model was used to estimate D and A s /A based on measured specific conductivities rather than actual NaCl concentrations. This assumes that the storage zone measured by the conservative tracer is exactly the same as the region where Raz is exchanged, but this is probably not the case because Raz is consumed within the biofilm.
Raz-to-Rru transformation rates were calculated with the simple method described by Haggerty [2013] in which equations (5)- (8) have the following solution at steady state and with a typical dispersion rate:
where τ is the reaction time since the initial concentrations (h). In our flumes, the reaction time is time since flume recirculation started and the injection was stopped. P is the production-decay ratio (À) [see Haggerty, 2013, particularly equation (22) and following], and includes effects of irreversible sorption, photodecay, and any other mass losses. While P was unknown, other experiments have shown it to be 0.3 to 0.8 [Haggerty, 2013] . We set it to 1 and performed a sensitivity analysis, which we consider in the discussion. C Rru,0 and C Raz,0 are concentrations (mol L À1 ) when the flume recirculation started and injection was stopped. The value ln CRru;0 CRaz;0 þ P is, of course, the y-intercept at τ = 0.
Estimation of Ecosystem Respiration (ER)
We used the uptake rate, v f ¼ As A k 12 d as a proxy for ER. We calculated v f with the slope of equation (9), velocity is widely used in stream ecology to normalize reaction rates for velocity and depth [SSW, 1990; O'Connor, 1988 ] so values can be compared across experiments with different hydrologic conditions. The v f of Raz is the net mass flux per unit concentration in the water column and can be thought of as the effective velocity of removal. It is proportional to v f of oxygen. We did not have dissolved oxygen or gas exchange data for the flume experiments, and so we did not calculate ecosystem respiration values independently. González-Pinzón et al. [2012] showed that Raz-Rru reaction rates were proportional to ER from dissolved oxygen mass balance. Therefore, for the purpose of this study, comparison of v f across the experiments is a valid approach to test the effects of biomass and bed forms on biofilm respiration.
Statistical Analyses
We examined the influence of biofilm biomass (AFDM) on v f and how it varied with the presence of bed forms (planform vs. bed form) using the Akaike Information Criterion (AIC) [Akaike, 1974] to select terms from a full analysis of covariance model (ANCOVA) including an interaction term. The full ANCOVA model includes three terms-flow heterogeneity as a categorical two-level factor, biofilm biomass as a continuous covariate, and the interaction term flow heterogeneity:biofilm biomass. A simpler two-way ANCOVA model would simultaneously test for two main effects: (i) differences between planform and bed form flume (a comparison of means) and (ii) the relationship of v f with biofilm biomass (in the form of a linear regresssion). Statistical power for the test of flow heterogeneity effects is increased by the simultaneous adjustment for biofilm biomass effects and vice versa. In our case, we included an interaction term in addition to the main effects in the model, which allowed testing the null hypothesis of parallel slopes of v f with biofilm biomass, or in other words, it addressed the question whether the relationship between v f and biofilm biomass differed between planform and bed form flume. A significant interaction term points to different slopes between the flumes. A positive interaction term would suggest positive feedback, with bed forms and biofilms reinforcing each others' influence on v f ; a negative interaction term would suggest suppression of each factor's influence. An ANCOVA model of this type can be built stepwise to assess the influence of each of the three terms by p-values, or a likelihood-based, information-theoretic approach like the Akaike Information Criterion (AIC) can be used to aid in identifying the most parsimonious model, i.e., the one yielding the best overall fit relative to the number of parameters and data [Burnham and Anderson, 2002] . The model with the lowest AIC identifies the most parsimonious model, and competing models with AIC-values differing by less than 2 can be considered equivalent. We report both classical significance values and AIC values for the full and reduced models (where reduced models include only one or two terms-flow heterogeneity and biofilm biomass, both independently and together).
Results
Comparison of Hydrodynamic Conditions Between the Two Flume Treatments
Mean velocity was more heterogeneous in the bed form flume than in the planform flume (Figure 1 ). The spatial average of 80 ADV measurements over one bed form wavelength yielded lower average flow velocity for the planform flume compared to the bed form flume (Table 1 ). The reach-averaged Reynolds number was 4300 in the planform flume and~8300 in the bed form flume. The reach-averaged Froude number was 0.09 in the planform flume and~0.13 in the bed form flume. Turbulence was significantly higher in the bed form than the planform flume, as recorded by TKE and TI. Average TKE was more than 3 times greater in the a Acoustic Dopper velocimetry (ADV) was used to measure 3D velocity at 80 locations regularly distributed in a 5 × 5 cm grid over one entire bed form (100 cm flume length) for each flume type. Reported means and standard deviations (SD) describe spatial averages and variations, i.e., they are computed from temporally averaged data. Temporal average velocities, shear velocities, TKE, and TI were computed from the entire ADV time series (n = 3000) at each of the 80 locations.
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bed form than the planform flume. Average TI was 1.2 times greater in the bed form than the planform flume. Both differences were significant at the p < 0.05 level. Velocity, TKE, and TI had much higher standard deviations over a bed form than over the same length of the planform streambed (Figure 1 ). More specifically, velocity, TKE, and TI were relatively homogeneous in the planform flume, the velocity generally increased 
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along the upstream side and decreased along the downstream side of the bed forms. In the bed form flume, TKE peaked immediately downstream of the bed form crest, and TI was highest in the trough due to bed form-induced eddies that formed at the flow separation point at the bed form crest (Figure 1 ).
Conservative tracer data and model results (Table 2) (Table 2 ), but velocity differences were not significant at the p < 0.05 level. The velocities estimated from conservative solute tracer were smaller than the velocity means from the ADV. This was unexpected because the means from the ADV are spatial averages of slower, near-streambed velocities, while the velocities from the tracer are flux averages. Average depths were 7.53 ± 0.53 cm for the planform flume and 8.97 ± 0.63 cm for the bed form flume. Neither the average velocity nor average depth differs significantly at the p < 0.05 level between the planform and bed form flumes. Dispersion (D) was small relative to distance and velocity, resulting in an average Peclet number, Pe = vL / D, that was 157 (range 90 -376). This indicated that transport was advection was at least 90 times faster than dispersion and supports the decision to ignore dispersion in the analysis of respiration.
Ecosystem Respiration
We observed gradual increases in the ratio between Rru and Raz during the recirculation phase of the experiments in the two flumes and under all stages of biofilm development (Figure 2) . The relationships between the Rru:Raz ratio and time since injection stopped were all significant and allowed estimation of the v f of Raz for all experiments as an indicator of ER. The v f of Raz increased with biofilm biomass in both bed form treatments. Taken together, the respiration rate was more than twice as large in the flumes with maximum biofilm biomass than in the flumes with minimum biofilm biomass (Figure 3 ). In addition, ER increases were more pronounced in the bed form than in the planform flumes (Figure 3) .
The standard set placed in ambient light had a very small Raz-to-Rru reaction rate (k 12 ). The rate during the three experiments was 8.7 ± 4.2 × 10 À4 h À1 based on 2-3 samples in each of the three experiments. This rate is similar in magnitude to unfiltered water column rates observed in samples from Spanish streams [Haggerty et al., 2008] . This rate was~100 times smaller than the Raz-to-Rru reaction rate in the flumes, and so concentrations and reaction rates in the flume were not adjusted for light effects.
Partitioning Effects of Flow Heterogeneity and Biofilm Biomass on ER
Compared to simpler models, the ANCOVA model including an interaction term was superior, according to the AIC (Table 3 ). The v f of Raz is significantly influenced by biofilm biomass and bed form-induced flow heterogeneity. However, the effect of biofilm biomass-as captured by its slope with v f -differs between the bed form and planform flumes, and therefore the model including the interaction term is parsimonious. While biofilm biomass alone can explain 41.5% of the variance of v f , combining biofilm biomass and bed form-induced flow heterogeneity as additive terms explained 77.1% of the variance. Importantly, further Relationship between uptake velocity of Raz (v f ), which is proportional to ER, and biofilm biomass expressed as ash free dry mass (AFDM). The figure illustrates the full analysis of covariance (ANCOVA) model (Table 3) with separate slopes for the effect of biofilm biomass (AFDM) on v f between the two flow heterogeneity treatments (planform vs. bed form flume) and thus a multiplicative interaction between the two predictors rather than a purely additive control on v f .
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inclusion of an interaction term yields a model with a nearly perfect fit to the data (multiple r 2 = 99%, p < 0.001). This indicates that flow heterogeneity and biofilm biomass interact synergistically to affect respiration nonlinearly. In other words, biofilm biomass has a greater effect (i.e., higher slope) on v f in the presence of bed forms than on v f in absence of bed forms.
Discussion
Results from this study using the Raz-Rru system as a metabolic tracer clearly showed that biofilm biomass and the presence of boundary roughness (impermeable bed forms in our study) increased respiration rates. Biofilm biomass and flow heterogeneity as induced by impermeable bed forms are highly significant factors in ER, and their interaction is also significant. Growth in biofilm biomass over 30 days increased the respiration, expressed by v f , by a factor of 1.51 (i.e., +51%) in the planform flume and by a factor of 2.06 in the bed form flume. This compares to an increase in v f from planform to bed form by a factor of 1.14 (i.e., +14%) at low biomass, and an increase in v f from planform to bed form by a factor of 1.90 at highest biomass. (Surface area of the flume was not responsible for changes in v f because the bed form flume had only 2 -3% larger surface area than the planform flume.)
It is important to note that the magnitude of the biofilm-driven increase in ER and the bed form-driven increase in ER cannot be directly compared in a meaningful way. ER must be principally related to biofilm biomass, and a change in the physical environment alone cannot induce a change in ER by itself without respiratory activity of biofilms. However, our results demonstrated that the effect of biofilm biomass on ER is context specific and is modulated by the turbulence or flow heterogeneity of the environment. In fact, we observed a synergistic interaction between flow heterogeneity and biofilm biomass: greater flow heterogeneity leads to an increasingly stronger effect of biofilm biomass on v f , i.e., flow heterogeneity facilitates increased metabolic activity of biofilms. Our results for respiration are consistent with those of Singer et al. [2010] for dissolved organic carbon (DOC) uptake obtained in the same flume setting. Singer et al. found that v f for leaf leachate resembling natural dissolved organic matter was 1.28 times higher for the bed form flume than the planform flume. For additions of glucose, a more labile source of DOC, at various biofilm biomasses the same factor ranged between 1.61 and 1.83. The differences between bed form and planform flumes we found for v f of Raz (1.14 -1.90 times higher) are bracketing v f of DOC, indicating a broad agreement between the variation in the DOC consumption-based estimates of v f and the smart tracer respiration-based estimates of v f . This suggests similar effects of bed form heterogeneity and biofilm biomass for the two rates and thus a potential coupling between biofilm DOC uptake and metabolism, expressed as respiration.
The value of the production-decay ratio, P, in equation (9) is uncertain but is needed for the calculation of the slope As A k 12 , and therefore for the calculation of v f , using the method adopted here. Any error in P feeds forward into an error in v f . Haggerty [2013, equation (22) and following] showed that the slope As A k 12 is moderately sensitive to the value of P. In our analyses, we assumed P = 1. We re-ran the calculations of v f for P = 0.7 (30% decrease). We found that the values of v f changed by a factor of 0.715 ± 0.002. That is, all of the values of v f changed by almost exactly the same amount. Therefore, uncertainty in P generates proportional The table gives significance values and AIC-values (including equivalent degrees of freedom corresponding to the number of free parameters) for the full ANCOVA model and various reduced models involving at least one of three possible linear terms: flow heterogeneity (Flowhet, categorical factor with 2 levels: planform and bed form), biofilm biomass (Bio, continuous covariate) and their interaction. v f of Raz is the response variable for all models. Significance levels are written as superscripts above t-values (*** = p < 0.001, ** = p < 0.01, * = p < 0.05). Abbreviations: Flowhet = Flow heterogeneity, Bio = Biofilm biomass, AIC = Akaike Information Criterion, edf = equivalent degrees of freedom.
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uncertainty in the absolute value of v f , but does not generate uncertainty in the relative values of v f that are calculated with the same P. Therefore, the conclusions about how ER changes as a function of flow heterogeneity and biofilm growth are unaffected by uncertainty in P.
The observed increases in respiration with increases in biofilm biomass can be explained by the increase in cells that are respiring. Respiration may also change due to differences in community structure between different flow conditions and by succession over the period of the experiments. Furthermore, transient storage associated with biofilm biomass growth may further increase ER. Battin et al. [2003] showed that biofilms constitute a "living zone of transient storage", documenting that biofilm growth increased the volume of transient storage by a factor of approximately 4 in flume mesocosm experiments. In our experiments, biofilm growth increased the volume of transient storage by a similar factor. The volume of transient storage was 4.03 ± 0.33 times larger at 30 days than at 0 days in the planform flume, and 3.86 ± 0.28 times larger at 30 days than at 0 days in the bed form flume. Bottacin-Busolin et al. [2009] also found, in the same flumes, that biofilms and bed forms increased transient storage. Battin et al. [2003] hypothesized that biofilm streamers and other structures produced long-lived eddies that stored solutes, increasing their availability and interaction with the microbes. This may enhance the metabolic activity of the biofilms, resulting in higher rates of respiration. The fact that the size of transient storage in the experiments varied more with biofilm biomass than with bed form type further suports this explanation. The effect of transient storage zone size on respiration has also been reported in studies at stream reach scale [Mulholland et al., 2001 ]. These common findings at different scales (i.e., within biofilms or in stream reaches) evidence the relevance of transient storage as a factor controlling respiration in stream ecosystems.
Our results clearly show that both changes in flow and biology influence ER, and that changes in flow and biology interact to influence ER. Further research into the physics and ecology of hydrodynamic controls, changes in biofilm structure, and feedbacks between hydrodynamics and biofilm structure should prove useful in understanding ER and other biogeochemical processes. In particular, detailed experimental study is needed to understand the mechanics of the feedback mechanisms and interactions.
Conclusions
The results of the flume study presented here support the hypothesis that ecosystem respiration (ER) increases with flow heterogeneity (turbulence) caused by bed forms across a range of biofilm conditions. Our experiments using the resazurin-to-resorufin (Raz-to-Rru) proxy for respiration in streamside flumes with natural water and a single layer of gravel (median diameter of 9.2 mm) produced ER (measured as uptake velocities, v f ) that increased with biofilm biomass and presence of bed forms. These factors interact, meaning that biofilm biomass appears to generate more respiration in the presence of bed forms than in the absence of bed forms. Furthermore, biofilms on the surface of a single layer of gravel increased transient storage in the flumes by a factor of approximately 4, regardless of bed forms.
